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distribution on the periodontal ligament (PDL), alveolar bone, and teeth needs to be assessed.
For speedy and efficient orthodontic treatment, sliding mechanics in combination with implant anchorage has become more and more popular throughout the world. However, the optimal loading conditions for achieving the desired type of tooth movement during space closure in sliding mechanics are still unknown. [6] Mitchell et al., [7] Puente et al., [8] and Isaacson et al. [9] evaluated the ideal force system for an individual tooth, and these force levels varied from 10 g to 1200 g. Whereas according to Steigman and Michaeli [10] and Young II Chang et al., [11] the force levels for retraction of anterior teeth varied between 20 and 500 g. In these studies, the range of force was very large which was not clinically applicable, hence their results cannot be completely relied upon.
The reactionary stresses developed on various intraoral tissues in response to these loading forces were evaluated on animals, therefore the results may vary. In vivo measurement of these stresses is difficult, thus the development of an effective model for analyzing them is required. The finite element method (FEM) is one such technique used to analyze structural stress. Used in engineering for years, this method uses the computer to solve large numbers of equations to calculate stress on the basis of the physical properties of structures being analyzed. [12] Therefore, this FEM study was designed to evaluate the stress levels and their distribution pattern at different periodontal structures, teeth, and implant with different angulations of implant placement under varying retraction forces during en masse retraction.
MateRIals and Methods
Three-dimensional geometric model of the maxilla was generated from DENTASCAN of the maxilla using MIMICS software version 8.11 (Materialise NV, Belgium). Only one side of the maxilla was generated because the results would be same for both the sides as the boundary conditions would not change.
Reverse engineering technique was used for construction of geometric model of brackets, implant, archwire with hook, and nickel-titanium closed coil spring. Brackets used for construction of the models were stainless steel MBT prescription of slot size 0.022 inch and titanium implant of 1.5 mm × 9 mm dimension. The stainless steel archwire of 0.019 inch × 0.025 inch dimension with a retraction hook between maxillary lateral incisor and canine was fabricated, and for retraction of anterior teeth, a nickel-titanium closed coil spring was designed.
Maxillary first premolar was removed from the model to simulate the extraction space. The geometric model of brackets was imported to the maxilla and assembled on the teeth with the slots aligned in a straight line and filled with the archwire. The geometric model of implant was imported to the model of maxilla and assembled between the roots of maxillary second premolar and maxillary first molar. Nickel-titanium closed coil spring was attached from retraction hook to the implant head [ Figure 1 ]. The implant was inserted at an angulation of 75°, 60°, and 45° to the buccal surface of alveolus.
The geometric models thus obtained were converted into FEMs using HyperMesh (Altair Engineering, Inc., Michigan, USA) software version 9.0 [ Figure 2 ]. Three FEMs were generated, in which all the parameters were kept same except the angulations of the implant, i.e., 75°, 60°, and 45°.
Material properties were assigned to the FEMs so that they can simulate the behavior of the structures under consideration [ Table 1 ]. [11] [12] [13] [14] All materials used in this study were assumed to have homogeneous, isotropic, and linearly elastic behavior.
Nodes and elements for models were defined [ Table 2 ]. After defining the boundary conditions, four different loads were applied to each model in the Y plane of the coordination system. The loads applied were 150, 200, 250, and 300 g. where stress changes were observed are implant, PDL, cortical bone, cancellous bone, and teeth.
Results
The magnitude of stresses developed in reaction to applied load is given in Table 3 , and the pattern of stress distribution is described below.
Implant
The maximum stress was observed on the head of implant at the point of attachment with the retraction spring. The stresses gradually decreased toward the mucosal collar till the first thread at 45°, till small portion of third thread at 60°, and till fourth thread at 75° [ Figure 3 ]. After which, the stresses reached minimum levels and remained constant throughout the length of the implant.
Cortical bone
In cortical bone, the maximum stress levels observed in the 45° model were distal to the implant. At 60° angulations, the stresses were distal, mesial, and apical to implant, whereas distal, mesial, and base of implant in 75° model [ Figure 4 ]. The stresses uniformly decreased in the form of concentric rings as we moved away from the implant and reached the upper and lower crest of the cortical bone at 45°, only lower crest at 60° and at 75° it does not reach upper or lower crest.
Cancellous bone
The pattern of stress distribution in the cancellous bone was seen at the distal surface of the implant at 45° angulations, at the superior surface of the implant at 60°, and at mesial surface of the implant at 75° [ Figure 5 ]. The stresses kept on decreasing in a circular ring pattern around the implant and reached the lower crest of soft bone at 45° and reached the upper and lower crest at 60° and 75°.
Teeth
The maximum stresses were seen at the bracket-tooth interface at the mesiogingival corner of second premolar and distogingival corner of canine tooth with minimum stresses observed at the central incisor followed by lateral incisor and at the center of the base of tooth-bracket interface of all the teeth including first molar at 45° of implant angulations [ Figure 6 ]. It was same for 60° and 75° angulations as for 45° except that there was no stress at the central incisor tooth.
Periodontal ligament
At 45° implant angulations, maximum stresses in PDL were observed around apex of lateral incisor root followed by decreasing magnitude over whole of the lateral incisor root and reaching to a minimum value at the cervical margin. The pattern of stress distribution was same for central incisor and canine. Stresses were also seen at the second premolar in small areas scattered all over the root. No stresses were seen in the PDL surrounding the molars. The pattern of stress distribution was same for 60° and 75° angulations as for 45° except that no stresses were seen on the second premolar [ Figure 7 ].
dIscussIon
The results showed that magnitude of stress and pattern of stress distribution were variable under different implant angulations and retraction loads.
Implant
The pattern of stress distribution on implant was in agreement with studies conducted by Ammar et al., [15] Gracco et al., [4] Crismani et al., [16] and Wilmes et al. [17] but with a difference that the implant was not placed at three different angulations in any of these studies. The reason for this pattern of stress distribution could be attributed to the angle of insertion of the implant. As the angle of insertion becomes more oblique, the implant will be enclosed by more thickness of cortical bone and hence will provide more resistance to the implant. This assumption is supported by Benedict et al. [17] and Ammar et al. [15] in his study suggested that first 2-3 mm of the implant's endosseous length is most critical in terms of stress response under tangential loading, and the results of our study were in agreement to this. Implant manufacturers should expect more failures at top three threads.
Reimann et al. [18] have reported that 200 g of load is a safe limit for immediate mini implant loading. In our study, maximum stress on implant was 163.62 MPa at 75° angulations of implant under 300 g of load which was well below its yield limit. Therefore, titanium mini implant can safely withstand the retraction forces of 300 g. In this study, it was seen that for a given load, the stress values were lowest for 60° angulations. This is in agreement with Benedict et al. [17] study on insertion angles of implants, which concluded that 60°-70° is the ideal range for implant placement.
Periodontal ligament
In our study, it was found that under all conditions, maximum stresses were concentrated at the apical portion of the PDL. Similar findings were observed in studies undertaken by Tanne et al., [19] Toms et al., [20] Rudolph et al., [12] and Puente et al. [8] The horizontal component of retraction force will lead to tipping of the crown lingually and the root labially which will induce the stresses at the apex of PDL next to it.
In this study, maximum stress levels were observed in the PDL of the lateral incisor tooth, followed by canine and central incisor which shows that the maximum initial load was transmitted to the lateral incisor and then to other teeth.
If the stress levels developed in an object are greater than the yield strength of that object, then irreversible changes can take place. The elastic modulus of PDL is 0.0689 MPa [ Table 1 ]. When 300 g of load was applied, the maximum stress levels of 0.072, 0.067, and 0.067 MPa were produced under 45°, 60°, and 75°, respectively, which are higher than or near to its yield strength. This will lead to ischemia of that region and will cause local necrosis, hyalinization, indirect resorption, and eventually root resorption. Therefore, force levels of 300 g and above are likely to produce adverse effects on the PDL and should be avoided. When angulations of implant were compared, 45° produced the highest stresses in PDL.
Cortical bone
The results of our study indicate that 60° angulations have most favorable stress distribution in cortical bone and will provide good amount of primary stability that is of great importance to the orthodontists. In a study by Benedict et al., [17] it was found that oblique insertion of implant in range of 60°-70° will provide ideal stress values in the cortical bone, which is in accordance to the results of our study.
The maximum stress value of 30.49 MPa was seen with 300 g load and at 45° angulations. As this value is very less as compared to the 133 MPa yield stress of cortical bone, [4] no significant adverse changes will be seen in cortical bone; this assumption was in agreement to studies by Ammar et al. [15] and Gracco et al. [4] 
Cancellous bone
The highest stress level of 2.12 MPa was reached with 45° angulations under 300 g load, followed by 2.056 MPa with 60° angulations, and 1.97 MPa was seen with 75° angulations. Since the value with 45° and 60° angulations is more than the yield stress of soft bone, [4] i.e., 2 MPa, therefore it will lead to fracture of cancellous bone. This is consistent with study by Gracco et al., in which stress levels of 1.7 MPa were reached with 200 g of applied load and were very close to yield strength of soft bone. [4] The high-stress levels were seen mostly around the implant head region. Hence, the ideal implant angulations are 75° with 150 g of load. However, stress levels of such low magnitude will delay the bone remodeling procedure, hence force of 200 g will be more favorable.
Teeth
The magnitude of maximum stresses had very little difference in their values when 300 g of load was applied. 9.55, 9.53, and 9.52 MPa of stresses were produced with 45°, 60°, and 75° angulations. In a study by Marković et al., it was shown that if the stress values on tooth exceed 9.72 MPa, it will lead to fracture of the enamel. [21] In the present study, the stress values produced with 300 g of load under different implant angulations were near to this value, hence will produce harmful effects on the tooth-like fracture of enamel and debonding of the bracket.
conclusIon
• The ideal force levels required for en masse retraction of maxillary anterior teeth using mini implant anchorage were in the range of 200-250 g • During en masse retraction, maximum stress was observed at the head of implant at the point of attachment with the retraction spring. In cortical and cancellous bone, maximum stress was seen distal to implant. Maximum stress in the PDL developed at the apex of lateral incisor root • Force levels in the range of 300 g are not desirable
as it may produce deleterious effects on the PDL, the cancellous bone, and the teeth • The stresses produced on the implant and cortical bone under any load and angulations were very small as compared to their yield strength, hence they can support stress levels higher than 300 g • The most favorable angulations for implant placement will be 60° as it produced lowest maximum stresses under any load, this was followed by 75°, and most unfavorable was 45°• With oblique insertion of implant at 60°, sufficient thickness of cortical bone was enveloped which provided primary stability and hence immediate loading can be done.
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